Rcclox potentials
of mud cores from seven lakes, including acid bog, unproductive, and productive types, were measured with Mortimer's multiple clect,rodc. A break existed below t,he surface, but variation in measurement was too great to characterize its depth within f30-50%.
Accuracy of potential mcasuremcnt is limited by lack of poise, so that the scatter of units of the multiple electrode increases as a standard solution or a natural mud is diluted with distilled water.
With the muds studied the scatter was f50 mv. In poorly poised systems the arca of platinum is also important, so that potentials of 0.01. to 0.42 volts were obtained on the same sample with electrodes of different sizes. The presence of H&3 causes a voltage drop, e.g., 20-min. bubbling of a reduced solution with HzS caused the voltage to fall from 0.63 to 0.17 v. Production of HzS in nature is abolished by 02. As a further dificulty the sediments of some lakes are able to deposit a sulphide plating on submerged platinum.
ICvidence is presented that the real oxidized layer is one mm or less thick, and that the reportecl break in the clcctrode curve at about one cm is caused by factors other than oxidation of iron salts, e.g., turbulent stirring of the sediment by wind-induced currents, and prcscnce of sulphide.
Several workers have stressed the importance of oxidation-reduction relationships in lake economy. Einselc (1938) related the equilibrium of ferrous to ferric iron to the concentration of phosphorus in the water. Ohle (1938) has made the same comparison for manganese and phosphorus, while Pearsall and Mortimer (1939) have studied the general effects of redox reactions on the commoner ions in solution in lakes.
Einsele's work would seem to place ferric iron at the center of an insoluble complex, which holds nutrients out of solution.
During summer when the depths of a stratified lake are depleted of oxygen, the iron is reduced to the ferrous state and, together with nutrients, comes into solution (unless precipitated as FeS). At the autumn overturn the iron becomes ferric again and goes out of solution as FeP04 and Fe(OII)3 in that order. The ferric hydroxide has the ability to adsorb phosphate onto its surface when it is in the colloidal form in the water.
The equilibrium between the gel and adsorbed phosphate has been studied by Einsclc and by Ohlc (1953) and is discussed in another paper of this series.
Mortimer (1942) in an extcnsivc study of the lakes of the English Lake District uncovered many important relations between oxidation and reduction of the mud and the presence of certain ions in solution in the water. He says (p. 306): "The reduction of ferric iron results in the destruction of insoluble ferric complexes previously existing in the mud surface, and in the liberation to the water of bases, including ammonia, adsorbed on thcsc complexes, as well as ferrous iron and other reducing material." Thus when the mud surface is reduced through oxygen depletion in the water, an increase in ammonia, phosphorus, and iron, as well as in alkalinity and conductivity, is observed in the bottom water. Where the biotic activity is great enough under winter ice cover, the phenomena accompanying oxygen lack occur then as well. In a lake whose depths do not suffer summer oxygen depletion, the chemical changes arc not observed .
In addition to the reactions resulting from 308 oxygen depletion in the depths, the rate of depletion itself may furnish an index of lake productivity (StrGm 1931) , as may the consequent CO2 production (Einsele 1938 , Ohle 1952 . Hutchinson (1938) showed that, in a series of geographically separated and morphologically different clear-water lakes, the hypolimnetic deficit of Str@m is proportional to the standing crop of plankton, Set also Hayes and MacAulay (1959) in the present series of papers.
The lower strata of mud arc at all times reduced, but the layer at the interface may be oxidized by the water above. Mortimer (1942) , developing a discussion by Grote, proposed that the thickness of the oxidized layer of mud during water circulation, e.g., after autumn overturn, could be related to the productivity of a lake. It might be supposed that different lakes have different qualities of mud, as have different kinds of farming land. They might support different numbers of active microorganisms, hence remove oxygen at different rates. If the oxygen concentration at the interface were constant, say at atmospheric tension, the depth of its penetration would be in inverse relation to the oxygen-absorbing power of the mud. One might think of the oxygen molecules like football players trying to make a run through an opposing team of bacteria.
The stronger the bacterial defensc the sooner the oxygen players will be brought down. Mortimer lowered a multiple electrode into the undisturbed mud of five lakes collected in winter, and recorded the depth at which the potential changed sharply.
This was compared with another Figure 1 . Agreement between the two measurements was good, suggesting a possibly useful method in regional limnology.
If the relationship shown in Figure 1 were widely applicable, the mud potential measurement would be a most valuable index of lake fertility. It would present considerable advantages over field hypolimnetic oxygen studies, which require several visits to a lake and are in any case applicable only to certain types.
The work to be reported in this paper began in 1951 as a naive attempt to use Mortimer's method for the purpose of setting a numerical value on the productivity of lakes in the Maritime Provinces of Canada. In measuring the thickness of the oxidized layer however, various technical difficulties intervened.
A minor one was that muds from some regions do not exhibit, under any conditions, the 0.2-volt ferrousferric break which Mortimer used as an end point. This and other limitations will be discussed below and an attempt made to evaluate the method. Some attention will also be given to the cause and meaning of the change in potential reading with depth, and a query raised as to whether the oxidized layer is as thick as these measurements suggest.
METHODS
The theory of potential differences set up in ionizable systems is given by Hewitt (1950) , and by ZoBell (1946) who also deals with the application of the method to marine sediments. Bacteria appear to be the principal dynamic agents that affect the rcdox conditions of muds and soils.
Undisturbed mud cores with lake water over them were taken by the Jcnkin apparatus as described by Mortimer, the center of which is a glass tube of diameter about 6 cm and length 60 cm. The cores were brought to the laboratory in a portable refrigerator, chilled by proximity to solid COZ, and were stored in a refrigeration room at 4°C. Obviously an oxidized surface layer of mud would only be expected when there was oxygen in the water over the mud. Except in unstratified lakes, fully oxygenated water would occur only at spring and autumn turnover.
Mortimer measured "winter thickness of the oxidized layer" when the lake was in full circulation.
In the present work the samples were taken in summer and air was bubbled through the water for 24 hours before measurements were made.
Pearsall and Mortimer (1939) observed that ferrous iron appeared in the waters of Blelham Tarn, and also in soils and muds, only if the potential fell below 0.23 volts, which in Blelham Tarn corresponded to an oxygen concentration of 0.5 ppm. They took a potential of 0.20 volts, corrected to pH 7.0, to represent the break between oxidation and reduction.
This was in practice the flat part of a depth-voltage curve. Since in the present work the 0.20 voltage was not always reached, the point of inflection was used, regardless of voltage. An ideal curve looks like a temperature-depth curve in a stratified lake, and our chosen break would correspond to the center of the thermocline in such a plot.
A multiple platinum electrode was built as described by Mortimer, and illustrated in his Ii'igures 16 and 24, being twelve electrodes bound together like steps of a spiral staircase. In the text below they arc referred to by number with reference to their distance in mm above or below the mud surface, as initially or ordinarily used, viz. 50,10,1, -1, -2, -3, -5, -7, -10, -13, -16, and -19. Where the context below so indicates, the numbers should be read as identifications of electrodes, not as depths. Because of the spiral arrangement each electrode cut the sediment at a new, undisturbed spot. Each electrode measured 2 x IO mm, and was sealed with a short length of platinum wire into a glass tube extending above the water. To make readings the wire from the potentiometer was clipped onto the different electrode leads in succession.
The system was initially lowered into the sediment until the +I electrode just touched the surface, whereupon the middle of each electrode was called its depth. Later the whole system might be pushed farther down. Raising and lowering was accomplished with a microscope rack and pinion for smooth operation.
Following Mortimer, two hours were allowed to elapse before readings were taken. Most of the drift, however, occurred in the first ten minutes.
In some tests a single platinum electrode in a form of one cm2 of foil was used; this is referred to as the "large" electrode, being five times the area of each unit of the multiple electrode. A platinum wire one cm long and 1.15 mm in diameter was also used, being called the "small" electrode.
Electrodes were standardized before USC, latterly in a solution recommended by ZoBell-a mixture of M/300 KaFe(CN)e and M/300 KdFe(CN)c in M/10 KCl. The l& value is 0.43 volts at 25°C. Before use in sediment the electrodes were washed in dilute nitric acid and well rinsed.
The pH of the sediment was taken, and potential readings corrected to pH 7 as done by Mortimer.
Thus our ET is directly comparable to that of Mortimer.
POTENTIALS OF CORES
Over several summers twenty series of potentials were measured on mud-water cores from seven lakes in imitation of Mortimer.
One from each lake, not neccssarily the best, is shown in Figure 2 . The lakes will bc briefly mentioned, being characterized in the opening paper of this series (IIayes and Anthony 1958) . Southport Pond, P.E.I., is a productive, artificial, former mill pond in agricultural land. Practically all mud readings appear to be less than those of the water, and it is difficult to pcrccive an inflection point in the curve unless it is assumed that the inflection is too close to the surface to be measured by the clcctrode system, say at 1 mm or so.
The Punchbowl is an extreme acid bog type surrounded by Sphagnum. The inflection might be placed between 0.5 and 1 cm.
Copper Lake lies in poor agricultural country.
The break, at a guess, would lie at a depth not greater than 0.5 cm.
Grand Lake has poor farms at one end and barren granite country at the other. It is judged unproductive.
It presents the best approach to an idcal curve of potential with a break at 3.3 & 0.5 cm.
Lily Lake is in marginal farm area. The curve scarcely reaches Mortimer's 0.2-volt ferrous-ferric line, and the slight break might be centered at 1.0 to 1.5 cm.
Bluff Lake is very primitive and very unproductive, in a granite area. There is little fall in potential (never to 0.2 volts), and any break is ill-characterized, lying perhaps between 1.0 and 2.3 cm.
Black Brook Lake too shows little drop in potential, and its scattered points might inflect anywhere between 1 and 3 cm. This lake too is in marginal farming country.
Surveying the group it appears that the depth of the break in potential can generally bc identified to within &30 to 50%. The most productive (Southport) has the thinnest layer above the break, if any meaning at all is to be drawn from the points. The Punchbowl may be lower than most of those to follow.
On other measurements in this laboratory, such as bacteria in the sediment and oxygen consumption above a mud core, the above two are about alike. The rest of the group of lakes are, in our other estimates, placed in an order not related to that suggcstcd by mud potentials.
Among the several other lines of investigation of productivity which arc in progress here, there is a degree of harmony emerging, which however does not include the potentials, except to a limited extent for the first two lakes mentioned.
The considerable scatter in Figure 2 and the variability in the shape of the plot from lake to lake, led to an examination of the technique employed and to an inquiry as to whether the curves might have a more complex and variable meaning than was suggested in the introduction.
LIMITATIONS OF POTENTIAL MEASUREMENTS
In using his compound clcctrode, Mortimer found that the mud potential readings fell rapidly to a "fairly steady state after 1-2 hr. A slow negative drift was observed over a period of days."
He cleaned in dichromatesulphuric, a high potential mixture. When the multiple electrode was immersed in a well-mixed sample of reduced mud, usually his readings on each unit agreed to within &IO mv, although anomalous behavior of Collections were made in summer, and the multiple electrode was lowered into the Jenkin core after two hours' bubbling of the water with air.
Except for the Punchbowl, which suffered summer oxygen depletion in the depths, there was oxygen present over the mud when collection was made.
The several measurements of water potential are averaged as the central lint, and the range is shown as a shaded band.
The central line is identified by the letter M on the Grand Lake chart. A test showed that one source of variation was lack of poise in the muds. This is equivalent to lack of buffering capacity in pI1 tests which, as is well-known, makes measurements difficult. Dilution of a standard or a lake sample by distilled water will lower the poise. A measure of dilution is given by the electrical conductivity of the solution. Figure 3 shows how the errors of individual electrode measurements increase with dilution of the ferriferrocyanidc standard. Dilutions of well-mixed mud from Silver Lake, a moderately acid bog type, which are less regular in behaviour, are included for comparison.
The lakes studied by Mortimer had about twice the conductivity of those reported on here.
As ZoBell has pointed out, the area of platinum in electrodes becomes critical in poorly poised systems. Also any small adsorption of poising substances on the platinum becomes noticeable. This was shown in a test where the effect was observed of cleaning the large electrode in dilute nitric acid (high potential) or dilute NaOH (low potential) before use. Readings following thorough washing and subsequent immersion in 1% standard, are shown in Figure 4 . There was a marked drift which had not yet reached equilibrium in 15 minutes. This is because the diluted solution, by reason of loss of poise and conductivity, is approaching the condition of distilled Any one electrode of the group will have a 2: 1 chance of deviating not more than the value shown, above or below t,hc purported correct value (which is, in the example, the mean of the 12). water. When the multiple electrodes of small area were similarly tested, the scatter was so greatly increased that no trend towards adjustment was apparent on a graph. To show the effect of area of platinum on the readings, reduced Black Brook mud was well stirred and tested with three units. Results are given in Table 1 . It is perplexing to decide which is the true potential. We presume that the large electrode is reading correctly, or more nearly correctly. This is because it does not show a fluctuation in dilute standard comparable to that described for the multiple set (Fig. 3) .
A source of error likely to be met in nature is that hydrogen sulphide has a direct effect on potential.
For example, the potential of a 0.1 N sulphuric acid solution was determined to be 0.63 volts with the large electrode. After bubbling with IL'S for 20 minutes, the voltage fell to 0.17. The change in potential is about equivalent to the greatest difference found in most lakes between supposed oxidized and reduced muds. Experiments of Wheatland (1955) show that a small amount of oxygen will abolish HZS. This worker bubbled nitrogen (02 free) through water over mud from a polluted marine estuary and collcctcd H$ from the issuing gas. Addition of 1% 02 to the nitrogen had little effect, but 2 % or 3 % 02 stopped the production of H2S. Oxygen above 2 % tension and H&S cannot exist together. The latter is removed exponentially with a half-life of about one hour. That I-1$ effects operate in nature is made probable by the notes to follow on the individual behavior patterns of two lakes. Grand Lake mud below the level of its potential break (see Fig. 2 ) will deposit an amber colored plating on electrodes left in it. In this mud, uniquely, there is also a color change at the level of the break. The units of the multiple electrode which were plated d rifted down overnight by an average of 0.36 volts from their 2-hour regular reading the day before; the superficial units, not plated, drifted down only 0.15 volts. The amber plating required several rinsings in cont. chromic acid for removal. General chemical considerations suggest that the plate was a sulphide (Mellor 1947) . Ii'or one thing platinum carbonates have never been found, while the nitrate is formed in the laboratory only with difficulty, and the sulphate only by boiling.
On the other hand platinum is readily acted on by HZS or ammonium sulphide. Upon degassing after I&S treatment, hydrogen is evolved, leaving the sulphur as a deposit.
It was found that copper wires became similarly plated below the 3-cm level. Upon chemical testing the plate was found to be soluble in HNOS, KCN, and warm HCl. It was insoluble in NII&l, NHdOH, water, and organic solvents. When the KCN solution containing the unknown was acidified and heated in a test tube with lead acetate paper over the mouth, the paper turned black. These reactions suggest a sulphide, but not iron sulphide, which is in-soluble in KCN; presumably it was copper sulphide.
Five other lakes tested failed to give a plating reaction.
Another peculiarity, provisionally attributcd to II&, was demonstrated in Punchbowl mud, A sample that had been in the laboratory for several days was noted to have a strong H&J odor. Its potential was -0.23 volts, the lowest observed in this work (large electrode). Some of this mud was put in a large pressure flask and evacuated for one minute while being gently rolled around the walls. Upon replacement with air the potential was 0.21 volts. In a similar evacuation, followed by replacement with nitrogen, the potential was 0.13 volts. During the course of the next half hour it fell again to -0.14 volts. It is concluded that one or more volatile substances, including HeS, affect the potential in a manner that, is additional to any simple reduction.
Three other lakes tested failed to show the reaction.
Difficulties of the kind just outlined led Wartenburg (1935) after an extended survey of the agricultural field, to conclude that any reported correlations between rcdox potentials and soil properties are due to special circumstances and particular methods and are not explainable on a basis of true theoretical considerations.
WHAT DOES THE MULTIPLE ELECTRODE MEASURE?
In some of our muds, e.g., Grand Lake, there is a lighter layer at the surface, whose appearance suggests rust-colored ferric compounds, contrasted with darker or supposed ferrous material below. Rttcmpts were made to produce such a layer in laboratory preparations.
When mud is placed in the bottom of a vessel and covered with water, a lighter brown color does soon become observable at the surface, and over the course of a few days it moves down to a depth of about 0.5 cm. Preliminary tests had included air bubbling, so that the surface was at first taken to be oxidized.
However the layer is seen also with nitrogen bubbling or under stagnant water. The cause is unknown. The same lighter layer is observed in marine mud upon standing (Wheatland 1955) . Tutin (1955) offers evidence that the surface sediment of Lake Windcrmcrc is stirred by the water over it. Diatom and algal cells were observed to sink through the water and disappear into the mud during the summer, following their spring maximum. After the first autumn gale there was an enormous increase in the numbers of dead cells in the surface waters; these cells then slowly sank again. Thus a break in potential might be taken to mark, not "winter thickness of the oxidized layer" but the depth to which turbulence had stirred up the sediment. From lake to lake it might depend on the shape of the basin in relation to wind effects. For example, an acid bog lake like our Punchbowl would be minimally stirred, having a Sphagnum mat encroaching from the sides to give the basin a thistle-tube shape.
According to Vallentyne (1955) ) "Experiments show that oxidized mud settles completely from suspension more quickly than reduced mud. This is apparently caused by an increased sediment particle size, and perhaps an increased density also, accompanying oxidation."
The production of sulphide in the mud represents a second means of affecting potentials.
I-18 might be expected to diffuse out into the water to an equilibrium condition. In an unproductive lake there would be less sulphide formed, hence a thicker surface layer suficiently free from it so that potentials would not be depressed. In more productive lakes the sulphide effect on potentials would extend closer to the interface. Thus the so-called "oxidized layer" would bc in reality a low H$ layer. Within a geologically similar group of lakes the thickness of the low sulphide layer might be inversely related to productivity.
Combining these effects there might be, after the autumn turnover, an oxidized surface layer which was stirred up and redeposited by turbulence, and which was deficient in HZS. Below, it would lie the permanent deposit, reduced and containing HZS. A marked break in potential would be expected between the layers. Its position would not, however, bc an index of productivity.
Or would it? IS it possible that an unproductive lake can have its sediment stirred more easily, hence more deeply, than a productive one? Figure 4 of the first paper of this series (Hayes and Anthony 1958), shows that organic content of the sediment is related directly to alkalinity and to other qualities of increasing productivity, such as Ca and conductivity.
Would organic sediment flocculate more than mineralized deposits, hence settle into a thicker layer? In other words, dots productive sediment tend to pack better as it falls?
In the light of the doubts and difficulties which have been brought forward in this section, the relation which Mortimer observed between the thickness of the higher potential layer in winter and the rate of oxygen uptake in summer is most remarkable and deserving of further investigation.
THICKNESS OF THE OXIDIZED LAYER
We find it plausible to suppose that the observed potential curves are related to phenomena more complex than oxidationreduction.
In unstirred mud it is probable that the oxidized layer is one or two orders of magnitude thinner than tests with the multiple electrode would indicate, in fact too thin to bc measured by this apparatus. Some evidence of varying weight may be brought forward in support of this opinion.
A depression in the mud was often noted around the multiple electrode, suggesting that the units were carrying down the surface and compressing the lower part. Expcrimcnts were tried on lake mud of which a portion was aerated and a portion left rcduced. The system was made into two layers in imitation of nature and the potcntial curve determined.
There was some indication, not conclusive, that the redox layer may be pushed down by the electrode, in some muds, by a few mm. Interpretation is made difficult by the change in colloidal texture of the mud caused by preparatory mixing.
A chance field observation showed that when a rusty stovcpipc is pushed into scdiment at lake bottom, the rust is removed overnight to the level of the interfacc.2 This suggested a simple method to indicate the depth of oxygen penetration, and led to tests in which iron and copper wires were placed vertically in mud-water cores. On all lakes results were consistent.
Rust was removed from wires not only in deeper scdiment, but up to the interface, while the part of the wire in water became more rusty. The water was kept aerated. Rust was removed even in the lighter-colored superficial 3 cm of Grand Lake mud. A cleaned iron wire remained so to the interface even after a month's submersion.
Iron wires suspended horizontally from non-conductors gave the same results. Copper wires, vertically suspended, became tarnished in the water but remained clean in the mud even when left for a month.
Grand Lake provided an extra feature in that the clear zone extended down for 3 cm only, below which a black deposit formed. The deposit that formed after a month of immersion was scraped off and tested chemically; it proved to be a sulphide, presumably copper sulphide. It was not iron sulphide.
In an experiment in which radiophosphorus was added to water over a core it was found that about half the activity had left the water within a fortnight.
At this time a dental X-ray film was inserted vertically into the mud for 48 hours, then developed. This radio-autograph showed the activity concentrated in the top mm or less of mud. For a more accurate estimate of activity as related to depth, samples similarly treated were frozen and sliced on a microtomc.
The results given in Hayes (1955, p. 113) show that almost all the activity in the mud is concentrated in a layer at the surface estimated as less than 0.5 mm thick.
Microscopic examination of this layer showed it to consist of organic debris containing a few diatoms and other green unicellular organisms and huge numbers of bacteria. The extreme concentration in a 2 A reader of the MS suggested that the ~UCS-tion of who pushed a rusty stovepipe into a lake bottom, and why, had a quality of m;ystcry and should be explained.
It was Dr. 11. A. Livingstone, who lost the casing of his deep piston sampler and mado a field substitution of stovepipe.
surface layer is not observed in artificial mud cores, hence may bc due to some natural event such as a phytoplankton fall-out. Vallcntyne (1957) made extracts of chlorophyll degradation products in lake sediment cores. It is well known that pollen grains arc prcscnt in the deeper parts of such cores, which are considered to be over 10,000 years old. Vallentync found in addition to chlorophyll products "surprisingly high amounts of free hexose and pcntose sugars, as well as beta-carotene and myxoxnnthin."
If such substances wcrc oxidized for a long period it is unlikely that they would bc prescrvcd. Now the rate of sedimentation varies from lake to lake, but it might be taken that the thickness to the potential break represents several years deposit. If the depth to the potential break wcrc the depth of oxygen penetration, it would imply that simple sugars were subject to oxidizing conditions in the presence of bacteria for several years, or at least several winters, and survived, a conclusion which is difficult to accept.
The "several years" mentioned in the forcgoing paragraph works out as four years from the following data. Tutin (1955) gives the annual deposit of Lake Windcrmerc as 2.5 mm, while Thomas (1955, p. 465) gives for Swiss lakes, values of 1.8, 5.1, 4.4, 3.8, and 7.4 mm, with a mean of 4.2 mm. For comparison, the mean depth of potential break for Mortimer's five lakes is 19 and for our six lakes 17 mm (omitting Southport). Dividing 18 by 4.2 gives 4 years as the cxposure tirne to oxygen of a given sediment particle, i.e., if the potential break were to be rcgardcd as an indication of oxygen penetration.
